cal processes controlling the air-sea exchange of CO2 and carbon sequestration in the ocean are poorly known. The results presented here for the southwest Pacific Sector of the Antarctic Circumpolar Current (ACC) indicate that both physical and biological processes are important factors influencing carbon flux during summer.
The hydrography of the Pacific sector of the Southern Ocean is characterized by a series of meridional fronts; these fronts generally circle the Antarctic continent and define the ACC [Orsi et al., 1995] . The ACC plays a very important role in global ocean circulation. It accounts for-•10% of the global ocean surface area, connects all major ocean basins, and is a major region for water mass formation and modification. From north to south the Subtropical Front (STF) is found within the Subtropical Convergence. All waters south of the STF are considered as part of the Southern Ocean. The eastward flowing ACC, driven by strong prevailing westerly winds, contains two major fronts: the Subantarctic Front (SAF) The role of the solubility pump versus the biological pump in the Southern Ocean varies seasonally and by location. The solubility pump is governed by the air-sea flux of CO2, which is a function of the difference in the fugacity of CO2 (fCO2) at the air-sea boundary and the gas transfer velocity [Sabine and Key, 1998 ]. In turn, gas solubility in the ocean depends largely on temperature and salinity [l'!"eiss, 1974], and the transfer velocity depends on wind speed [Sabine and Key, 1998 ]. Thus regional and seasonal differences in CO2 transfer to or from the ocean are influenced by upwelling, seasonal warming/cooling of surface waters, the timing and extent of sea ice, and weather. The biological pump (i.e., biological production and carbon export) is governed by seasonal changes in irradiance and ice cover, mixing processes and advection, macronutrient and micronutrient concentrations, and food web structure and dynamics [Jacques, 1989; Nelson and Smith, 1991; de Baar et al., 1995] . The interplay of these two carbon pumps controls the regional and vertical partitioning of carbon pools.
Physical processes which effect CO2 transfer from the surface layer to deeper water in the ACC include Subantarctic Mode Water (SAMW) and Antarctic Intermediate Water (AAIW) formation. SAMW forms during late winter convection, but this water sinks only to intermediate depths and north of the Subantarctic Front [McCartney, 1977 [McCartney, , 1982 .
McCartney [1977, 1982] argues that AAIW is an extreme variety of SAMW. AAIW, however, also may be ventilated by subduction throughout the year, primarily north of the Polar Front [Molinelli, 1981; Piola and Georgi, 1982] , and therefore the biological pump may have an important influence on the carbon content of this water mass. A recent investigation of SAMW/AAIW cycling confirms that winter convection, subduction, and diapycnal mixing all play a role in the renewal and formation of these water masses [Sloyan and Rintoul, 2001] . Analyse s of chlorofluorocarbon (CFC) data [Fine, 1993; l'!"idffels et al., 1996] suggest that the SAMW and especially the AAIW may remain isolated from atmospheric exchange for at least decades before being upwelled as Upper Deep Water in the Antarctic. Hence these waters may play a significant role in the removal of anthropogenic atmospheric Stations were occupied at a nominal spacing of 30 nautical miles (-55 km) from north to south on the first transect (P 14S) and from south to north on the second transect (P 15S). At each station, continuous vertical profiles of temperature (+ 0.002øC), salinity (+ 0.002), and dissolved oxygen concentration (+1%) were obtained using Sea-Bird Electronics 911+ Conductivity-Temperature-Depth (CTD) sensors mounted on two different frames (a primary 36-position frame with 10-L bottles and a 24-position frame with 4-L bottles that was deployed only in heavy weather; [McTaggart and Johnson, 1997] ). In situ oxygen samples were routinely collected during CTD/O2 profiles and used for postmeasurement calibration of the 02 sensor data following protocols described by McTaggart and Johnson [1997] . Geostrophic velocities were calculated assuming zero velocity at the deepest common level of each station pair (4000 dbar). One exception was stations 25-26, where velocities were referenced to zero velocity at 2650 dbar since the lateral density gradient below this level is supported by a topographic feature unresolved by the station spacing. The Niskin bottles were closed at selected pressures during the CTD upcast. Among a number of different measurements, water samples from these bottles were analyzed for salinity, dissolved inorganic nutrient concentrations (nitrate, phosphate, and silicic acid), total dissolved inorganic carbon (TCO2), and total organic carbon (TOG).
Owing to time constraints, only one cast per day was made for biological measurements, resulting in station spacing of 90 to 120 nm (165-220 km). Just before dawn, water was sampled from either 10-L Niskin or 30-L Go-Flo bottles (both fitted with Teflon-coated, stainless steel springs) hung on a Kevlar line. Subsamples were collected for phytoplankton pigments, nutrients (including ammonium and urea), particulate organic matter, and primary productivity. Irradiance attenuation (i.e., light levels experienced by phytoplankton) was calculated from spectroradiometer (MER 500; BioSpherical Instruments) profiles conducted each day at local noon. Sampling depths within the euphotic zone (100, 50, 30, 15, 5, 1.0, and 0.1% of surface irradiance; between 75 and 150 m) were estimated from the water column attenuation determinations made on the previous day. One additional depth below the euphotic zone between 100 and 200 m also was sampled.
Dissolved phosphate, silicic acid, and nitrate were analyzed using protocols of Gordon et al. [1993] . All vials and caps were rinsed with 10% HC1 prior to each station and rinsed at least three times with sample water before filling. Samples usually were analyzed immediately but were occasionally stored for up to 12 hours at 4ø-6øC. Samples were analyzed using an Alpkem RFA 300 modified with a Spectro-100 UV/VIS detectors (Thermo Separation Products); all analyses were within the linear range of the instrument. Concentrations were converted to gmol kg -• by calculating sample densities using IPTS-68 laboratory temperatures and PSS-78 bottle salinities [UNESCO, 1981] . Analytical precision was determined from replicate analyses (two to seven measurements) on one or more samples for almost every station. Average standard deviations (gmol kg -]) were 0.008 for phosphate (n = 205), 0.08 for silicic acid (n = 407), 0.05 for nitrate (n = 378), and 0.003 for nitrite (n = 15 for samples > 0.05 gmol kg']).
Samples for urea and ammonium were collected into clean sample bottles and refrigerated until analysis (usually within 2-4 hours). Urea measurements were made using an adaptation of the colorometric method described by Mulvenna and Savidge [1992] based on the reaction of urea with diacetylmonoxime. Ammonium measurements were made following the colorometric method described by Parsons et al. [1984] . Both analyses were performed on triplicate 25-mL aliquots, with the reaction carried out in acid-cleaned screw-capped glass culture tubes. Absorbances were measured in 5-cm quartz cells using a Shimadzu Model 1601 spectrophotometer. Limits of detection were 0.1-0. 
Results
The latitudinal hydrographic fronts and associated physical processes in the ACC are important in governing gradients of nutrients and biology. First, we describe the location of the fronts and then the zonal and meridional variability in environmental conditions and patterns of nutrient and carbon pool distributions.
Location of Fronts
The hydrographic fronts are persistent features in all sectors of the ACC; their zonal location may vary depending on regional bathymetry and circulation. The locations of fronts was determined using a number of hydrographic properties (Table 1) [Orsi et al., 1995] . While the emphasis here is on the near-surface layer, water mass indicators of fronts occur over a range of depths (from near surface to as deep as 800 m). Surface geostrophic velocity also may be used as a frontal position indicator. In the Southern Ocean this quantity is traditionally the result of vertical integration of density over much, if not all, of the water column. Here we identify the front locations from south to north in both P14S and P15S.
The SF can be discerned by three water properties (Table  1) The PF can be demarcated using 0 (Table 1) and geostrophic velocities, both of which suggested bifurcation. However, fine structure in the 0 profiles made the use of the depth of 0m•n criteria problematic, presumably because of interleaving around the front. On P14S the PF appeared to have a southern branch between stations 23 and 24 (•-61.5øS) and a northern branch between stations 19 and 20 (•-59.5øS). On
P15S a southern branch, perhaps combined with a northern branch of the SF, may have existed between stations 43 and 44, but the most likely location for the PF was between stations 46 and 47 (•-59.5øS). On P14S, geostrophic velocity exceeded 25 cm s '• between stations 23 and 24 and 27 cm s -• between stations 19 and 20, and on P15S it reached 16 cm s '• between stations 43 and 44 and 18 cm s -• between stations 46 and 47 (Figure 4).
The SAF can be identified by three water properties (Table  1) 28  22  16  10  4  33  36  42  48  54  60  66  72  78  92   0 I I I I I II ' ..... IIIII I I I I IIIIii I I I I I I I I I I I ' ' ' ' ' I I I I I f I I I I till I I I I I I I I I I I i I I I I IIIIIll Illll I I Figure 4b ). These combined results suggests that the SAF probably was located between stations 12 and 13 (---56øS) on P14S, south of a cold-core eddy centered around station 9. For P15S the water properties placed the SAF between stations 58 and 59 (---54øS), at the strongest geostrophic velocity. The feature to the north was probably a cold-core eddy centered about station 65. Finally, STF can be located using 0 and S (Table 1) 
Nutrient and Particulate and Dissolved Carbon

Distributions
Weather conditions (e.g., wind speed and sea state) influence air-sea CO2 exchange. These factors, along with cloudiness and day length, also influence the daily integrated irradiance experienced by phytoplankton in the surface mixed layer. Although photoperiods were 24 hours at the southernmost stations, weather conditions were poor, consisting of overcast skies and relatively high sustained winds and sea state ( Table 2) . Photoperiods decreased to 20 hours at the PF with similar weather conditions. Photoperiods were 15 hours at the northern stations in the subtropical gyre, but weather conditions were more favorable, with partly cloudy skies, lower wind speed, and calmer seas. The depth of the euphotic zone, defined as the depth to which 0.1% of surface irradiance penetrated, was shallowest in the PF (-50 m) and deepest in the Subantarctic Frontal Zone (125 m). Photosynthetically active radiation (PAR) ranged from 180 to 1410 gmol photon m -2 s -l over the study area (Table 2) Phosphate concentrations ranged from 0.06 to 2.12 gM, with the highest concentrations being observed in Antarctic waters (Figures 7a and 7b) Figures 8a and 8b) Hansell and Carlson, 1998 ], the surface increase in TOC represents a sizable pool of organic matter. We have no information on the turnover of this pool or the winter concentrations in this region; therefore estimates of net production cannot be made conclusively.
CO2 fugacity (fCO2) in surface waters did not show the same latitudinal trend across the ACC (Figures 9a and 9b) as that of TCO2 (Figures 8a and 8b) . Figures 9c  and 9d) and POC (Figures 9e and 9f) maxima. 
Discussion
The role of the Southern Ocean in modulating atmospheric CO2 is uncertain. Our present knowledge about factors which influence the solubility and biological C pumps limits our ability to predict how ocean circulation, mixing, and the composition and production of marine organisms will respond to climate forcing. In the following discussion, we compare our results on the direction of air-sea exchange of CO2, as inferred from values ofjrCO2, with those of previous studies and then examine the interplay of physical processes and nutrients which may have influenced the biological and solubility pumps in the export of carbon from the surface layer. -32  28  22  16  10  4  33 36  42  48  54  60  66  72  78  92   i I I II III'  '''''1111111  IllIll  I I  I fects of surface water. In contrast to these studies, Robertson and Watson [ 1995] found that CO2 was generally undersaturated in surface waters between early and late summer over a large area encompassing the southeast Pacific ACC, the Bellingshausen Sea, the eastern Atlantic, and Indian Ocean sectors. The only areas that acted as a CO2 source to the atmosphere were near the SAF and the PF south of Africa. Although most of these studies suggested that biological activity influenced the CO2 drawdown, the role of the biological pump remains poorly known.
ACC as a Sink for Atmospheric CO2
The pattern of dissolved inorganic carbon concentrations was influenced by both solubility and biological processes in
Phytoplankton Biomass Distributions
High phytoplankton biomass detected by shipboard sampling or satellite ocean color sensors is often used to indicate high productivity. Low biomass, however, does not necessarily infer low productivity. Phytoplankton blooms are ephemeral features that require sufficient irradiance and nutrients to sustain growth and, in order for biomass to accumulate, growth rates must exceed losses due to advection, sinking, and grazing. The ACC between the STF and the PF has been characterized as a HNLC region [ ........................  • ........ -J ...... e• ............................. ...................... . -surface nitrate (12-27 gM, Figures 6a  and 6b) and phosphate concentrations (-1.0-2.1 pg4, Figures  7a and 7b) In contrast, silica and/or iron (Fe) limitation appear to be important factors governing phytoplankton growth and community composition. During our study, there was a marked gradient in silicic acid concentrations, with high (20-70 gM) concentrations south of the PF (Figures 7c and 7d) 
It is unlikely that nitrogen or phosphorus limited phytoplankton growth. Near
Processes Influencing Si-Depleted Waters
The distribution pattern of excess nitrate and low silicic acid concentrations is similar throughout circumpolar waters between the PF and the STF [Zentara and Kamykowski, 1981; Gordon and Molinelli, 1982] . However, the processes generating the low silicic acid waters observed north of the PF have not been known. Because these patterns were observed during summer, it was assumed that the low Si concentrations were a result of uptake by diatoms, which use Si to form valves. One potential mechanism is that diatoms under Felimited conditions continue to incorporate silica relative to nitrogen, which results in particulate matter with elevated Si/N ratios [Hutchins and Bruland, 1998; Takeda, 1998] Another mechanism leading to low Si concentrations is differential remineralization. Particulate and dissolved organic nitrogen primarily are recycled within the surface layer by heterotrophic processes, whereas biogenic silica largely sinks to greater depths before being remineralized. Remineralization rates decrease in colder water, further contributing to the surface deficit in polar waters. This differential remineralization may lead to a decoupling of Si and N (i.e., a "silica pump"), resulting in extremely low dissolved Si/N ratios [Dugdale et al., 1995] . Low silicic acid concentrations may limit diatom (and silicofiagellate and radiolarian) growth and thus influence community composition but does not limit productivity of the remaining phytoplankton assemblage. Nevertheless, this limitation has important consequences for the biological pump since diatom sedimentation is a central process for C and Si export into deep water [Buessler, 1998 ]. Although the mechanisms described above operate during the productive season, a more significant point is that there is no large source of silicic acid in the waters below the mixed layer to replenish surface waters during winter mixing or from downstream ad- Other physical processes also may replenish nutrients in the surface layer during summer and influence regional production. Isopycnal displacements at eddies and fronts may bring water with higher nutrient concentrations into the euphotic zone. One cold-core eddy south of New Zealand in Biological processes appeared to be an important factor controlling the distribution of TOC. The contribution of particulate organic carbon to the total organic carbon pool was small during our study, averaging-12%, with a maximum of 30%, and no horizontal gradients in this ratio were detected.
In waters on the Ross Sea continental shelf, Carlson et al. [1998] found that a large majority of the phytoplankton production was partitioned into particulate matter and only a small fraction was added to the DOC pool. If temperature were the dominant factor controlling carbon partitioning, we would have expected to see a latitudinal trend of increasing DOC/TOC ratios within our transects; however, none was observed. This suggests that the extent of biological processing of particulate matter by the localized food web may be the dominant factor regulating the production of semilabile and Hence subduction and diapycnal flux may be important processes contributing to carbon export from the surface layer.
Summary
Our results emphasize the physical, chemical, and biological complexity of the Antarctic Circumpolar Current. In this region of the Southern Ocean, physical processes generate a chemical gradient that provides a changing environment for phytoplankton growth. That is, the various fronts, jets, and convergence zones give rise to a nutrient field that permits diatom blooms and subsequent flux in Si-rich waters near the PF but Si limitation of diatom growth in the waters north of the Polar Front. This in turn has profound impacts on biological properties, such as community structure and flux of carbon, in each area. An increase in aeolian Fe to the immense area covered by the Polar and Subantarctic Zones may increase primary productivity overall and potentially increase the drawdown of atmospheric CO2. Diatom growth, however, would still be limited by Si, and carbon export to deep water may remain relatively low.
South of the PF, particulate flux from sinking diatoms appears to be the primary mechanism for carbon export to deep water based on 
